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SporogenesisEmbryological characters can be used to address taxonomic relationships and complement molecular phyloge-
netics and are of special value at the genus level. However, embryological information is fragmentary in Smilax
and completely unknown in Smilax davidiana, a Chinese species. Anther wall development, placentation,
sporogenesis and gametogenesis of S. davidiana are characterized here. The anther is bisporangiate, anther
wall formation is of the Dicotyledonous type, both epidermis and endothecium develop ﬁbrous thickenings,
and the tapetum is secretory and of dual origin. Cytokinesis in the microsporocyte meiosis is successive, the
microspore tetrad is tetragonal, and mature pollen is two-celled. The ovary is mostly trilocular with an axile
placentation (a small fraction of the ovaries are unilocular with parietal placentation), the ovule is anatropous,
bitegmic and crassinucellate, with embryo sac development of the Polygonum type. This study documents for
the ﬁrst time the embryological characters of S. davidiana in detail and contributes much to the embryology of
Smilax.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Smilax L. is a genus of ±350 species with a worldwide distribution
(Takhtajan, 1997; Chen et al., 2006), of which 79 species are found
in China (Fu et al., 2001). It is characterized by reticulate leaf venation,
paired petiolar tendrils, unisexual ﬂowers, dioecism, umbellate inﬂores-
cences and a mostly woody, climbing habit (Chen et al., 2006). Many
species of Smilax are known as “Baqia” in China and are used in folk
medicine for various purposes.
Smilax was once long placed in the family Liliaceae (Engler, 1964)
but is now included in Smilacaceae by many botanists (e.g., Hutchinson,
1973; Cronquist, 1981, 1988; Takhtajan, 1987, 1997; Angiosperm
Phylogeny Group, 1998, 2009). The family Smilacaceae occupies an
important systematic position in Liliales and is one of the key taxa
for elucidating phylogeny and evolution of ﬂowering plants (Cronquist,
1981, 1988; Angiosperm Phylogeny Group, 2009).
Embryological characters can be used to address taxonomic
relationships and complement molecular phylogenetics (Davis, 1966;
Tobe, 1989; Johri et al., 1992; Arias and Williams, 2008; Madrid and
Friedman, 2010) and are of special value at the genus level (Berg,
2009). Embryology is incorporated in higher level publications on
angiosperm systematics as one of the major sources of systematicu University, Zhejiang 325035,
.
y Elsevier B.V. All rights reserved.characters (e.g., Cronquist, 1981, 1988). However, we know little about
embryology on Smilax, despite its phylogenetic signiﬁcance, and
available information is fragmentary (Takeuchi, 1970; Pacini and
Franchi, 1983; Watson and Dallwitz, 1992; Andreata and Menezes,
1999; Furness and Rudall, 1999; Palhares et al., 2009; Martins et al.,
2012). For instance, microsporocyte meiosis in the genus was reported
as successive (Furness and Rudall, 1999); Takeuchi (1970) reported on
embryo sac development of Smilax riparia var. ussuriensis, a Japanese
species; Martins et al. (2012) described the endosperm formation of
the Nuclear type in Smilax polyantha. The aims of this study are (1) to
characterize embryology of Smilax davidiana; and (2) to increase our
embryological knowledge of Smilax.
2. Materials and methods
2.1. Plant materials
S. davidiana A.DC. is a perennial deciduous vine with a slightly
woody, sparsely prickly stem. The species is dioecious and dichogamous
with umbellate inﬂorescences (Fig. 1A, B). This species is characterized
by petioles winged for 1/2–2/3 their length (Fig. 1C) and mature fruits
up to 7 mm in diameter (Fig. 1D), from which its Chinese native name
“Small Fruit Baqia” was derived. It is distributed mainly in east and
south China and also in Vietnam, Laos and Thailand in forests or thickets
(Editorial Board of Flora of Zhejiang, 1993; Chen et al., 2000; Fu et al.,
2001).
Fig. 1.Photos ofmale and female plants. Scale bar = 1 cm. (A) Part of amale plant showing staminateﬂowers in anumbel. (B) Part of a female plant showing pistillateﬂowers in anumbel.
(C) Part of a female plant showing the petiole winged for 1/2–2/3 its length. (D) Mature fruits not more than 7 mm in diameter. Abbreviations: p, petiole; wp, winged petiole.
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China (27.910°N, 120.724°E, 210 m asl). A total of 13 plants (ﬁve male
and eight female) were sampled. Floral buds at different developmental
stages, opened ﬂowers, and ovaries free of sepals and petals were col-
lected twice a week from Feb. 18, 2011 to May 5, 2011. Vouchers (Ao
Chengqi 11001) are deposited in the Herbarium ofWenzhou University
(WZU).Fig. 2. Transections (TS) ofﬂowers. Scale bar = 200 μm. (A) TS of amaleﬂower showing three sep
three petals, three underdeveloped stamens (arrowheads) andunilocular ovarywith threeparietal p2.2. Experimental methods
Material was ﬁxed and stored in FAA (5 ml formalin: 6 ml acetic
acid: 89 ml 50% ethanol), dehydrated through an ethanol series and
embedded in Paraplast with a melting point of 50–52 °C, and sectioned
at 6–12 μmon a KD-1508 rotarymicrotome. Sectionswere stainedwith
Heidenhain's hematoxylin and safranin and images captured digitallyals and three petals and four of six stamens. (B) TS of a femaleﬂower showing three sepals and
lacentae, eachofwhichhas twoovules.Abbreviations:ov, ovule; pe, petal; se, sepal; st, stamen.
Fig. 3. Anther wall formation, microsporogenesis and microgametogenesis. (A) Bisporangiate anther. Arrowhead points to the positions of longitudinal slits. Scale bar = 100 μm.
(B) Archesporial cell differentiating beneath the epidermis of the anther. Scale bar = 10 μm. (C) Young anther wall composed of epidermis, endothecium, onemiddle layer and tapetum.
Scale bar = 10 μm. (D) The endothecium and the middle layer are derived from the division of the outer secondary parietal cells, indicating the development of anther wall follows the
Dicotyledonous type. Tapetumdisintegrates in situ (arrowhead), indicating a secretory tapetum. Scale bar = 10 μm. (E) Both of the epidermis and the endotheciumdevelopﬁbrous thick-
enings (arrowheads). Scale bar = 15 μm. (F)Metaphase I of meiosis in themicrosporocyte. (G) Telophase I of meiosis in themicrosporocyte and the formation of cell plate (arrowhead).
(H) Dyad. Scale bar = 10 μm, and also applies to F, G and I. (I) Tetragonal tetrad. (J) Pollen grain just released from a tetrad. Scale bar = 5 μm. (K) Mature pollen grain composed of a
vegetative cell and a generative cell. Scale bar = 10 μm. Abbreviations: arc, archesporial cell; en, endothecium; ep, epidermis; gc, generative cell; m, middle layer; pmc, pollen mother
cell; sp, secondary parietal cell; ta, tapetum; vc, vegetative cell.
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scope (Olympus BX-51, Japan). To examine the constitution of the egg
apparatus, a total of 76 ovaries free of sepals and petals, each containing
three ovules, were longitudinally sectioned, stained and photographed.
The permanent sections are deposited in the Plant Morphology Re-
search Room (10A-504) in the South Campus of Wenzhou University.
The lengths of buds (ﬂowers), anthers and ovaries were determined
using a vernier caliper, or a micrometer under a stereo microscope.
A total of 10 samples of buds (ﬂowers), anthers or ovaries at the same
developmental stage were measured, and the average was adopted.
Flower length after blooming was determined as the sepal length.
3. Results
3.1. Anther wall formation
The male ﬂower is trimerous with three sepals, three petals and six
stamens (Fig. 2A). The anther is bisporangiate (Fig. 3A). At an early
stage of development, rows of archesporial cells differentiate beneath
the epidermis of the anthers (Fig. 3B) and divide periclinally, formingouter primary parietal cells and inner primary sporogenous cells. The
primary parietal cells divide periclinally and anticlinally, forming two
layers of secondary parietal cells. The outer secondary parietal cells
split into a subepidermal endothecium and middle layer (Fig. 3D). The
middle layer has a common origin with the endothecium, so the anther
wall formation follows the Dicotyledonous type (Davis, 1966). The
tapetal cells surround the whole microsporangium, and the connective
participates in tapetum formation, therefore, the tapetum is of dual or-
igin. The anther wall consists of 4 layers: the epidermis, endothecium,
middle layer and tapetum (Fig. 3C). The epidermis is uniseriate and per-
sistent, developing ﬁbrous thickenings after the anther wall has ripened
(Fig. 3E). The endotheciumpersists and the cells become pillar-shaped
and ﬁbrous (Fig. 3E). The middle layer is uniseriate and ephemeral.
The tapetum whose cells are uninucleated or binucleated, disinte-
grates in situ (Fig. 3D), thus conforming to the secretory type.
3.2. Microsporogenesis and microgametogenesis
The primary sporogenous cells derived from archesporial cell differ-
entiation produce secondary sporogenous cells that develop into pollen
Fig. 4. Placentation. (A–D) Parietal placentation; (E–H) Axile placentation. (A) Longitudinal section (LS) of a unilocular ovary showing one ovule primordium. Scale bar = 100 μm. (B) TS
of a unilocular ovary showing three ovule primordia, each initiating from the septum between two carpels. Scale bar = 100 μm. (C) Ovule primordium differentiates into funicle and
nucellus. Scale bar = 40 μm. (D) TS of a unilocular ovary showing three parietal placentation. Note that each placenta has one ovule. Scale bar = 200 μm. (E) LS of a trilocular ovary showing
two ovule primordia attached to the central axis, each in a different locule. Scale bar = 100 μm. (F) LS of a trilocular ovary showing two ovules attached to the central axis, each in a dif-
ferent locule. Scale bar = 100 μm. (G) LS of a trilocular ovary shows two anatropous ovules in one locule. Scale bar = 500 μm. (H) TS of a trilocular ovary showing axile placentation.
Scale bar = 100 μm. Abbreviations: fu, funicle; nu, nucellus; op, ovule primordium; ov, ovule.
462 C.Q. Ao / South African Journal of Botany 88 (2013) 459–465mother cells (PMCs) (Fig. 3C). The PMC undergoes two successive
meiotic divisions (Fig. 3F, G), producing a dyad (Fig. 3H), and a tetragonal
tetrad (Fig. 3I), and cytokinesis is thus of the successive type. The micro-
spore is separated from the tetrad as a uninucleate pollen grain (Fig. 3J)
and divides by mitosis into two unequal cells, viz. a large vegetative and
a small generative cell. The generative cell does not undergomitotic divi-
sion and mature pollen grains are of the 2-celled type (Fig. 3K).
3.3. Placentation
The female ﬂower is trimerous with three sepals, three petals,
three underdeveloped stamens, and a tricarpous and syncarpous gy-
noecium. The ovary is superior usually with axile placentation and
trilocular with one ovule (Fig. 4E, F, H) or rarely two ovules
(Fig. 4G) in each locule. Occasionally the ovary is unilocular with
three parietal placentae, each of which has one ovule (Fig. 4D) or
two ovules (Fig. 2B).
3.4. Ovule formation
The ovule is anatropous (Fig. 4G) and bitegmic (Fig. 5B). Initially, a
domeshaped ovule primordium appears on the placenta (Fig. 4A, B),
differentiating into funicle and nucellus (Fig. 4C). The integuments initi-
ate at the base of the nucellus (Fig. 5A). Themicropyle is formed only by
the inner integument, which is 2-seriate (Fig. 5B). The ovule inverts
gradually as the micropyle forms and becomes fully anatropous
(Fig. 4G) at the functional megaspore stage.
3.5. Megasporogenesis and megagametogenesis
When the inner and outer integuments begin initiating, the
archesporial cell appears beneath the nucellar epidermis (Fig. 5A). It
divides to form a parietal cell and a sporogenous cell that acts directlyas a megaspore mother cell (MMC) (Fig. 5B). The parietal cell divides
to form several layers of cells (Fig. 5C–E), so the ovule is crassinucellate.
TheMMCundergoes two successivemeiotic divisions, producing a dyad
of megaspores (Fig. 5C), and a “T-shaped” tetrad (Fig. 5D). The chalazal
megaspore is functional, thus developing into a mononucleate embryo
sac, while the others degenerate (Fig. 5E). The mononucleate embryo
sac develops through three subsequent mitotic divisions into a two-
nucleate, a four-nucleate (Fig. 5F) and an eight-nucleate embryo sac.
At the eight-nucleate stage, three nuclei at the micropylar pole consti-
tute the egg apparatus, comprising an egg cell and two synergids.
The two polar nuclei, one from the micropylar end and the other from
the chalazal, constitute a central cell that is situated at the micropylar
end (Fig. 5H), or at the center of the embryo sac (Ao, unpublished
data). The egg apparatus and the central cell constitute a female germ
unit (Dumas et al., 1984; Hu, 2005; Huang and Russell, 1992).
The antipodal cells degenerate early before fusion of polar nuclei
(Fig. 5G, H), indicating they are ephemeral. The manner of mega-
sporogenesis and megagametogenesis of S. davidiana conforms to
the Polygonum type.
Out of a total of 228 ovules examined, 18 contain twin embryo
sacs and 210 contain a single embryo sac. In the single mature em-
bryo sac, the egg apparatus is consistently made up of an egg cell
and two synergids which are distinguishable by their relative posi-
tions (Fig. 6A–C) and/or the characteristic ﬁliform apparatus of the
synergids (Fig. 5H).
3.6. Developmental correlations of the ﬂower and its parts
The developmental correlations of the ﬂower and its parts are
presented in Tables 1 and 2. These will be particularly useful when
anther wall development, sporogenesis and gametogenesis are traced
in detail and concrete developmental stages of anther wall, pollen
and ovules are estimated before experiments. It is also noteworthy
Fig. 5.Megasporogenesis andmegagametogenesis (LS). For all ﬁgures, themicropylar pole is at bottom and the chalazal pole is at top. (A) Archesporial cell initiates beneath the epidermis.
Scale bar = 40 μm. (B) The archespore divides into a parietal cell (p) and a sporogenous cell that acts directly as amegasporemother cell (MMC). Scale bar = 15 μmand also applies to C,
D and E. (C) TheMMCdivides into a dyad,while the parietal cell divides into several layers of cells. (D) “T-shaped” tetrad. Arrowpoints to the location of the forthmegaspore that is shown
in the next section. (E) Functional megaspore and three degenerating megaspores. (F) Tetranucleate embryo sac. Arrowheads point to two nuclei at the chalazal and two nuclei at the
micropylar end. Scale bar = 60 μm. (G) Mature embryo sac. Scale bar = 60 μm. (H) Enlargement of G showing a female germ unit, involving a central cell that includes two fusing
polar nuclei, an egg cell and two synergids. Abbreviations: arc, archesporial cell; cc, central cell; dm, degeneratingmegaspore; dy, dyad cell; ec, egg cell; ep, epidermis; fa,ﬁliformapparatus;
fm, functional megaspore; ii, inner integument; m, megaspore; mmc, megaspore mother cell; oi, outer integument; p, parietal cell; pn, polar nucleus; sy, synergid.
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petals have withered (Table 2).
4. Discussion
Based on the present study and the earlier embryological data on
Smilax (Takeuchi, 1970; Pacini and Franchi, 1983; Watson and Dallwitz,
1992; Andreata and Menezes, 1999; Furness and Rudall, 1999; Palhares
et al., 2009; Martins et al., 2012), the embryology of Smilax can be sum-
marized as follows. The anther is bisporangiate; anther wall formation
is of the Dicotyledonous type; both epidermis and endothecium develop
ﬁbrous thickenings; the tapetum is secretory and of dual origin. Cytoki-
nesis in the microsporocyte meiosis is successive; the microspore tetrad
is tetragonal; and the mature pollen two-celled. The ovary is typically
trilocular with axile placentation axile but occasionally the ovary isunilocular with parietal placentation; the ovule is anatropous,
hemitropous (Takeuchi, 1970) or orthotropous (Martins et al., 2012),
bitegmic and crassinucellate; the embryo sac is of the Polygonum type;
the antipodal cells are ephemeral; the egg apparatus is consistently
made up of an egg cell and two synergids; and the endosperm is of the
Nuclear type (Martins et al., 2012).
According to Tobe et al. (2000), a ﬁbrous endothecium, a secretory
tapetum, successive cytokinesis in the microsporocyte meiosis, two-
celled pollen, a crassinucellate ovule, and embryo development of the
Polygonum type are all plesiomorphies. The embryology of S. davidiana
is thus plesiomorphic in all these respects.
Antipodal cells in different angiosperms suffer different fates, such as
programmed cell death, failure of cell-wall formation, polyploidization
or proliferation (Rudall, 2006; Friedman and Williams, 2003), and the
rapid degeneration of the antipodals is viewed as an apomorphic or
Fig. 6. Three successive sections showing an egg apparatus. Scale bar = 60 μm. For allﬁgures, themicropylar pole is at bottom and the chalazal pole is at top. (A)One synergid. (B) Another
synergid. (C) Egg cell. Abbreviations: ec, egg cell; sy, synergid.
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death is shared by all eumagnoliids that have been studied, as one of
the strongest developmental synapomorphies for the clade, but is rare
in monocots (Williams and Friedman, 2004). However, in S. davidiana,
the antipodal cells degenerate early before fusion of polar nuclei (this
study) and even in the process of migration of polar nuclei (Ao,
unpublished data); in Calochortus (Liliaceae), they degenerate
by the time the polar nuclei have fused (Cave, 1941); and in S.
riparia var. ussuriensis, they begin to degenerate soon after the
maturation of the embryo sac (Takeuchi, 1970). These monocots con-
sistently present early antipodal cell death, as compared to the case in
Amborella trichopoda, the sole member of the most ancient extant an-
giosperm lineage, where they persist through the time of fertilization
(Friedman, 2006).Table 1
Developmental correlations of the male ﬂower and its parts.
Developmental stage of ﬂowers Bud (ﬂower) length (mm) Anther length
Perianth primordium 1.02 120
Primary differentiation
of sepals and petals
1.51 165
1.48 171
Full differentiation
of sepals and petals
2.30 320
2.39 332
Pre-blooming 4.02 563
Blooming 4.50 640
4.62 655
Table 2
Developmental correlations of the female ﬂower and its parts.
Developmental stage of ﬂowers Bud (ﬂower) length (mm) Ovary len
Perianth primordium 0.51 0.20
Primary differentiation of sepals and petals 0.78 0.40
Full differentiation of sepals and petals 1.40 0.62
2.63 1.08
Pre-blooming 3.02 1.60
Blooming 4.03 1.83
Sepals and petals wither almost simultaneously 4.58 2.00
Ovary free of sepals and petals 2.80
3.55
5.04In Smilax, some species exhibit well-differentiated embryos at
seed maturity with an expanded cotyledon and an embryonic axis
with shoot and root poles, e.g., Smilax quinquenervia (Andreata and
Menezes, 1999) and S. polyantha (Martins et al., 2012). In contrast,
other species exhibit lagging in embryo development. Thus in Smilax
goyazana, the embryo is still immature and in the torpedo phase when
the seeds are dispersed (Palhares et al., 2009). In S. davidiana, female
gametophytes (embryo sacs) mature only after the sepals and petals
have withered, unlike in most other angiosperms in which maturation
of the female gametophyte is completed before anthesis, suggesting
that lagging in the development of female gametophytes is a character-
istic of this species. However, whether the lagging in the development
of female gametophytes results in the lagging of embryo development,
remains unclear. Extensive studies involving fertilization and embryo(μm) Anther wall Male gametophyte
1 Layer (epidermis) Archesporium
3 Layers (epidermis and 2 layers of
secondary parietal cells)
PMC
4 Layers (epidermis, endothecium,
middle layer and tapetum)
Degeneration of middle layer PMC meiosis
Degeneration of tapetum
2 Layers (epidermis and endothecium
not of ﬁbrous thickening)
Uninucleate pollen grain
before mitosis
Fibrously thickening of endothecium,
dehiscence of anther
Mature pollen grain
Fibrously thickening of epidermis
gth (mm) Ovule Female gametophyte
Ovary free of ovule primordium
Ovule primordium
Differentiation of funicle and nucellus
Inner and outer integuments initiate Archesporium
Micropyle forms Megasporocyte
Dyad
Inversion of ovule Tetrad, uninucleate embryo sac
Anatropous ovule 2- , 4-nucleate embryo sac
Mature embryo sac
465C.Q. Ao / South African Journal of Botany 88 (2013) 459–465and endosperm development in S. davidiana are needed to answer the
question and better characterize its embryology.
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